This review considers dinitrosyl iron complexes (DNICs) and some other metabolites of nitric oxide (NO) in plants. Nitric oxide is vital for all living organisms, although its role in plants has been studied insufficiently compared with that in animals. We presume that the spectrum of its functions in plants is even wider than in animals. The main NO metabolites could be S-nitrosothiols, DNICs and peroxynitrite. Of particular interest are pro-and antioxidant properties of these compounds. DNICs function and their potential biosynthetic role in plants are practically unknown and brought to the limelight in this review. Since the process of NO biosynthesis in plants is still under discussion, we also specially examine this problem.
Introduction
The role of nitric oxide (NO) in plants became an object of investigation quite recently in comparison with its function in animals. Several areas of NO and its metabolites have been quite well studied, including intercellular signaling, regulation of growth, development and apoptosis in plants [1] [2] [3] [4] , participation in plant defense against pathogens, and in symbiotic interactions of plants and microorganisms [5] [6] [7] . However, the effects of NO, other reactive nitrogen species (RNS) and NO metabolites on plant specific processes are still poorly described.
NO biosynthesis in plants
Both enzymatic and non-enzymatic ways of NO synthesis have been found in plants [1, 8] . The enzymatic production of NO can occur when L-arginine is oxidized with the formation of citrulline. This reaction in animals is catalysing by nitric oxide synthase (NOS) (1.14.13.39) [9] . At least two gene coding proteins similar to mammalian NOS have been identified in higher plants [10] . An enzyme with NO synthase activity is present in Arabidopsis thaliana [11] . Enzymes similar to NOS were reported for roots and nodules of Lupinus albus (white lupin) [12] . Arginine-dependent NO production and NOS-type proteins were found in plant mitochondria, chloroplasts and peroxisomes [1, 10] . However, the existence and a possible role of NO synthase in plants still raise a lot of controversy. Jeandroz et al. reported the identification of NOS-like sequences in algal species, but not in land plants [13] .
It was shown that enzymes with a molybdenum-cofactor (nitrate reductase and xanthine oxidase) play an important role in NO production in plants [3, 8, 10, 14] . Nitrate reductase (EC 1.6.6.3) is a NAD(P)H-dependent enzyme catalyzing NO 3  reduction to nitrite, further leading to NO 2  converting to NO. Xanthine oxidase (EC 1.1.3.22) also catalyzes one-electron NO 2  reduction to NO. In plant cells this enzyme is localized in peroxisomes [15] . NO can be produced by peroxidase, catalase, cytochrome P-450 and hemoglobin [3] . NO formation in these enzymatic reactions results from N-hydroxyarginine oxidation.
A non-enzymatic way to form NO in plants includes protonation of the nitrite anion, resulting in nitrous acid (HNO 2 ), which in its turn spontaneously transforms into N 2 O 3 , and latter disintegrates to nitric oxide (NO) and nitrogen dioxide (NO 2 ): N 2 O 3  NO + NO 2 (1) .
Main physiological NO metabolites in plants
NO itself is a very unstable compound. Its longevity as a molecule in biological systems is <1 second, yet it is necessary for the organism to preserve it as a part of various NO metabolites. Snitrosoglutathione (GSNO) and dinitrosyl iron complexes (DNICs) are the physiological forms of NO storage and transporting [16, 17] .
Although GSNO is usually mentioned as an important NO metabolite, DNICs are often unfairly dismissed in this role.
Glutathione nitrosylation under the action of peroxynitrite (ONOO  ) and higher levels of nitrogen oxides lead to the formation of Snitrosoglutathione, one of the most important NO metabolites, (Figure 1 ). In plants, GSNO engages in producing protein S-nitrosothiols, and S-nitrosylation can lead to a reversible inhibition of some plant enzymes (e.g. protective enzymes against oxidative and nitrosative stress) [18] . Moreover, glutathione-dependent formaldehyde dehydrogenase (EC 1.2.1.1), exhibiting a strong GSNO reductase activity, takes part in S-nitrosoglutathione utilization in plants [2, 16] .
Glutathione and other thiols can also be ligands of physiologically very important, but less known and studied, NO metabolites such as dinitrosyl iron complexes (Figures 2 and 3 ). DNICs are formed when iron ions react with biological ligands, primarily thiols. They have the general formula: were treated with exogenous NO [19] . DNICs were also producing in China rose (Hibiscus rosa-sinensis L.) leaves incubated with nitrite [20] . NO inserted into DNIC was the product of nitrite reductase. The proposed hypothesis was that plant hormones (auxin and ethylene) were included in the process of DNIC formation and thus in activating NO synthesis [21] .
Some other nitro-derivatives could be helpful in plant metabolism. Important compounds in this respect can be nitro-fatty (or nitrohydroxy) acids and nitrolipids ( Figure 4 ). Nitro-fatty acids act as signal molecules in many organisms [22] [23] [24] . Mata-Pérez et al. have recently detected that nitro-linolenic acid in Arabidopsis regulates the response to oxidative and abiotic stresses [24] . There should be a special mechanism of lipid nitration with NO derivatives in plants. We propose that DNICs could serve as nitrating agents due to their physiological status in the cell.
Anti-and pro-oxidant properties of NO metabolites
Nitric oxide functions as an antioxidant and anti-stress agent in plants. It prevents cells of potato plants from damage after treatment with methylviologen-type herbicides producing ROS [25] . Moreover, it protects wheat seedlings against drought-caused oxidative stress [26] , and inhibits ROS-dependent apoptosis of barley aleuronic layer cells [27] .
The NO-dependent regulation of the pool of low molecular weight iron complexes affects the development of oxidative stress in plants [28, 29] . The NO donor, sodium nitroprusside (SNP), inhibits the accumulation of peroxidation products under osmotic stress in wheat seedlings [29] . SNP and another NO donor, DETA/NONOate, protect sorghum embryonic cells from oxidative damage [28] accompanied by an increased labile iron pool. NO donors also inhibit prooxidant effects in aging rice leaves under the influence of either abscisic acid or Н 2 О 2 [30, 31] . SNP and Snitroso-N-acetyl-DL-penicillamine (SNAP) increase chlorophyll level and restore normal chloroplast development under iron deficient conditions [32] . The authors of that article supposed that formation of nitrosyl iron complexes participating in iron transportation to plant cells compensated for this affection. Induction of endogenous NO synthesis in tomato and Arabidopsis root cells stressed with iron deficit also exhibits an important NO role in plant iron metabolism [16, 21] .
Three major mechanisms of NO antioxidant action in plants were proposed [3] . The first one is inhibiting lipid peroxidation as a result of NO interaction with lipid free radicals. The second is fast NO reaction with superoxide leading to peroxynitrite (ONOO  ):
This mechanism looks problematic owing to the intense oxidative properties of ONOO  . If peroxynitrite reacts with СО 2 , another strong oxidant, peroxynitrosocarbonate (ONOOСО 2  ), is formed. The latter decomposes producing compounds that modify proteins and other biological molecules as well:
The third protective mechanism is NO-caused activation of antioxidant enzymes. SNAP protected chickpea plants against salt stress-induced oxidative damage by enhancing the biosynthesis of antioxidant enzymes [33] .
Possible protective and biosynthetic role of DNICs
Dinitrosyl iron complexes may also participate in nitrogen dioxide and peroxynitrite neutralization. As result of ONOO  interaction with DNIC, the nitrosyl cation ONOONO is forming [34] :
It is possible that DNICs catalyze peroxynitrite isomerization to nitrate [35] as with porphyrin complexes with iron and manganese ions [36, 37] . The iron complex with bound ONOO also appeared when DNICs with non-thiol ligands were oxidized by О 2 [38] .
Carotenoids are also crucial in ROS and RNS neutralization, both in plants and animals [27, 39] . We have shown that glutathionecontained DNIC protect β-carotene from peroxynitrite-caused destruction, and DNIC are more effective protectors than Snitrosoglutathione. DNICs also function as antioxidants intercepting superoxide and free lipid radicals [37, 40, 41] .
Alkaline pH in chloroplast stroma can prolong the lifetime of peroxynitrite and increases the probability of its neutralization under the action of peroxyredoxines or in reaction with DNIC. Iron ions stimulate peroxidation processes, so their inclusion in DNIC could inhibit these processes [40, 42, 43] . This mechanism accounts for a positive correlation between the NO-caused increase in the low molecular weight Fe-complexes pool and the above mentioned protection of proteins and membranes in sorghum embryo [28] .
Dinitrosyl iron complexes and plant hemoglobins
Plant hemoglobins (phytoglobins according to a newly proposed classification [44] ) can also function as NO and GSNO interceptors [16] . Class I plant Hbs are induced in plants under hypoxic conditions [45] [46] [47] and utilize NO in a dioxygenase reaction:
Hb(Fe 2+ )O 2 + NO  Hb(Fe 3+ ) + NO 3  (5). Reaction 5 in plants is not terminal. Nitrate can be reduced to NO thanks to NAD(P)H-dependent nitrate reductase.
Non-symbiotic hexacoordinated Hb from A. thaliana can be nitrosylated forming protein S-nitrosothiol [48] . S-nitrosothiols of plant Hbs are considered to participate in GSNO metabolism [16, 45, 48] . We suppose that S-nitrosothiol of non-symbiotic Arabidopsis hemoglobin can be in balance with DNIC (by analogy with mammal Hbs [41] ). Thus, the same cysteine residue could be nitrosylated leading to the formation of hemoglobin S-nitrosothiol and Hb-bound DNIC. We also suggest the possibility of DNICs interaction with leghemoglobin (Lb) -symbiotic Hb of legume plants. Lb interaction with NO and its derivatives is one of its significant features [49] .
Nitric oxide stably binds to the iron of the heme yielding nitrosyl Lb (Lb(II)-NO). This complex presents in the nodules of legume plants [50] , and it was even proposed that its formation when legumes are growing in the presence of nitrates could be the main reason for the inhibition of nitrogen fixation [51] . NO itself can be generating in nodules via non-enzymatic NO 2  reduction by flavins and ascorbate [52] . Since NO is formed in functioning nodules, another Lb function can be NO detoxification similar to that of other Hbs. It is an important function for Hbs in all kingdoms of living nature [53] .
Leghemoglobin is glycosylating as other hemoglobins [54] . Thus, another way for nitrosyl Lb to be formed in nodules could be the joint action of reactive nitrogen species and reactive carbonyl compounds (simultaneous display of nitrosative and carbonyl stress) similar to the case of mammalian Hb [55, 56] . ROS and RNS could be formed in legume nodules under various negative factors, whereas different kinds of stress have similar affect [57, 58] . DNICs have also been demonstrated to exhibit antioxidant properties when interacting with hemoglobins (Hbs) [41, 59] . Thereby Lb-bound DNICs can mark oxidative stress as with the known Hb-bound ones [41] .
Conclusions: Many NO functions in plants are regulating via metabolism of iron and thiols, by symbiotic and non-symbiotic hemoglobins, as well as via formation of DNICs with low molecular weight and proteins-bound DNICs. DNICs participate in the transport of NO and iron ions since the latter are incorporated there in nontoxic form. We put forward the following scheme of DNIC reactions in plants ( Figure 5 ). T r a n s p o r t a t io n o f iro n io n s a n d N O A n tio x id a n t a c t io n 
